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Graphene Gas Osmometers
Robin J. Dolleman,∗ Santiago J. Cartamil-Bueno, Herre S. J. van der Zant, and Peter G. Steeneken
Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628CJ, Delft, The Netherlands
Here it is shown that graphene membranes that separate 2 gases at identical pressure are deflected
by osmotic pressure. The osmotic pressure is a consequence of differences in gas permeation rates
into a graphene enclosed cavity. The deflection of the few layer graphene membranes is detected
by an interferometric technique for measuring their tension-induced resonance frequency. Using a
calibration measurement of the relation between resonance frequency and pressure, the time depen-
dent osmotic pressure on the graphene is extracted. The osmotic pressure for different combinations
of gases shows large differences that can be accounted for by a model based on the different gas
permeation rates. Thus a graphene membrane based gas osmometer with a responsitivity of ∼60
kHz/mbar and nanoscale dimensions is demonstrated.
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Graphene, a single layer of sp2-bonded carbon atoms1,
is impermeable to all gases2. However, when pristine
graphene is suspended over cavities in silicon dioxide,
low-gas permeation rates between the cavity and the en-
vironment have been measured. Because the permeation
rate was found to depend on the type of gas2–4, graphene
enclosed cavities can therefore be selectively-permeable.
When a selectively-permeable membrane separates dif-
ferent gases, osmotic gas flow causes a pressure differ-
ence across the membrane which is defined as the os-
motic pressure5. The high Young’s modulus6 and low
bending rigidity cause a large pressure-induced frequency
shift and deflection, which is beneficial for several types
of pressure sensors7–9.
In this work we use graphene enclosed cavities to
demonstrate osmotic pressure sensing for several com-
binations of gases, creating a nanoscale osmometer. For
this purpose, graphene membranes are suspended over
cavities etched in thermally grown silicon dioxide. A
schematic device cross-section is shown in Fig. 1a. A
few-layer graphene flake with various thicknesses is ex-
foliated and transferred by a deterministic dry-transfer
method10 to enclose a cavity with a diameter of 3 µm
(Fig. 1b–e). It is found that such a device creates a
selectively permeable system, without any further pro-
cessing necessary.
In the experiment, the gas outside the cavity is
changed, while the pressure outside the cavity pext is kept
constant. Deflections of the membrane due to external
pressure changes are avoided and changes in the pressure
difference ∆p = pint − pext across the membrane can be
solely attributed to changes in the internal pressure pint.
Due to osmosis between the cavity and environment, it
is observed that a pressure difference builds up over the
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FIG. 1. a) Schematics of a graphene-based osmometer. b)
Optical image of the graphene resonators presented in this
study in Fig. 4. c) Optical image of the graphene resonators
presented in Fig. 5. d) Atomic force microscopy (AFM)
trace corresponding to Fig. 1b, showing that the graphene
resonator has a thickness of about 1.8 nm. e) AFM trace
corresponding to Fig. 1c; these drums have a thickness of
approximately 5 nm.
membrane, even though the pressure on both sides is
equal at the start of the experiment.
This pressure difference can be determined using the
membrane’s resonance frequency, that is measured by the
interferometric measurement setup shown in Fig. 2. A
modulated blue laser provides opto-thermal actuation,
while a red laser is used for interferometric readout of
the deflection. A vector network analyzer (VNA) is used
to measure the mechanical frequency response of the
membrane11,12. The sample is mounted in a vacuum
chamber with optical access and a dual valve pressure
controller is used to keep the pressure in the chamber
(pext) constant throughout the experiment. A vacuum
line is connected to the chamber with a flush valve. The
gas in the chamber is changed by switching the gas sup-
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FIG. 2. Laser interferometer setup (left hand side of the fig-
ure) used to detect the resonance frequency and the vacuum
chamber with the most important components for flushing the
system at constant pressure (right hand side of the figure).
ply line and opening the flush valve. A needle valve re-
stricts the flow to minimize pressure drops between the
controller and the chamber. This prevents that the mem-
brane deflects due to changes in pext.
Fig. 3a shows the measurement procedure for studying
the time dependent osmotic pressure on the membrane.
The sample is kept for a long time at a constant pressure
in gas 1 (red), such that the internal and external pres-
sure equalize pext = pint (Fig. 3a1). The external gas 1
is replaced by gas 2 (green molecules) while keeping the
pressure pext constant (Fig. 3a2,3). This replacement is
done rapidly to ensure that gas 1 remains present in the
cavity at the same partial pressure as gas 2 in the vacuum
chamber (p1,int = p2,ext). If the permeation rate of gas 2
is higher than that of gas 1, gas 2 has a higher flux into
the cavity than gas 1 flows out of it. Since the pressure
inside the cavity is the sum of the partial pressures of gas
1 and 2, a positive pressure difference ∆p arises that is
the osmotic pressure (Fig. 3a4). Subsequently, gas 1 will
leak out of the cavity at a slower rate (Fig. 3a5) until
gas 1 fully disappears and the pressure difference returns
to zero ∆p ≈ 0 (Fig. 3a6).
In a subsequent measurement gas 2 can be replaced
by gas 1 in a similar manner which leads to the se-
quence shown in Fig. 3d. The main difference is that in
this case a negative pressure difference ∆p arises. Since
permeation has exponential time dependence (see Sup-
porting Information) the pressure difference versus time
∆p(t) can be expressed by the partial pressure differ-
ences (∆p1 and ∆p2) for each gas as function of time:
∆p1 = p0e
−t/τ1 and ∆p2 = −p0e−t/τ2 . Combining these
equations gives for the total pressure difference:
∆p(t) = ∆p1 + ∆p2 = p0(e
−t/τ1 − e−t/τ2) (1)
where p0 is the constant pressure in the environment,
τ1,2 are the leak-time constant inversely proportional to
the permeability of gas 1 and gas 2, respectively. The
expected time dependence of the osmotic pressure ∆p
between two gases 1 and 2 with permeation rates τ2 and
τ1 as described by Eq. (1) is depicted in Fig. 3b,c.
Figure 4 shows the results of an experiment where ni-
trogen gas was replaced with argon gas and vice versa,
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FIG. 3. a) Measurement sequence when replacing gas 1 (red)
with a large permeation time constant τ1 by gas 2 (green)
with a short permeation time constant τ2. b) Time depen-
dent partial pressures differences ∆ppart of both gases and
the total osmotic pressure ∆p as described by eq. (1) for
the measurement sequences depicted in Fig. 3a. c) Partial
pressures and total osmotic pressure for the sequence in Fig.
3d. d) Measurement sequence when replacing gas 2 with a
short permeation time constant τ2 by gas 1 (red) with a long
permeation time constant τ1.
at a constant chamber pressure of pext = 1000 mbar.
The resonance frequency is found by fitting the data
to the frequency response function (Fig. 4a), which
in turn yields the time-dependent resonance frequency.
To extract the osmotic pressure from the experiment,
the resonance-frequency versus pressure relation of the
graphene membrane is calibrated by applying controlled
gas pressure steps across the membrane (see Support-
ing Information). The resulting frequency-pressure dif-
ference relation is shown in Fig. 4b. Note, that the
minimum in frequency does not correspond to a pressure
difference of zero, but is shifted towards negative pressure
differences and is around -100 mbar in this case. From
the calibration curve, it is further concluded that this
graphene-based osmometer has an average responsivity
of approximately 60 kHz/mbar over the entire pressure
range.
Figure 4c,e shows the intensity plots of the frequency
response function as function of time. White points on
these figures indicate the resonance frequencies deter-
mined by the fits. The strong difference between these
two curves is a consequence of the shifted calibration
curve, which allows us to distinguish between positive
and negative osmotic pressure. Therefore, from Fig. 4c
we can conclude that argon was permeating into the cav-
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FIG. 4. Measurement of the osmotic pressure between argon
and nitrogen for drum 3 (Fig. 1b). a) Several frequency re-
sponse functions from measurements (blue) and the fits (red)
used to obtain the fundamental resonance frequency. b) Cali-
bration curve used to convert the frequency into the pressure.
c) Intensity plot of the frequency response function when ni-
trogen is replaced by argon in the chamber. White points
show the extracted resonance frequency obtained from the
fits. d) Osmotic pressure extracted from the experiment in
Fig. 4c, fitted by a time-shifted version of eq. (1). e) In-
tensity plot of the reverse experiment, where argon gas was
replaced by nitrogen. f) Extracted osmotic pressure from the
experiment in Fig. 4e. The fit from Fig. 4d is plotted with
opposite sign.
ity faster than nitrogen could escape, creating a posi-
tive pressure difference. In Fig. 4e, the frequency passes
through a minimum twice; a clear indication that a neg-
ative pressure difference has formed over the membrane.
In this case, argon was escaping the cavity faster than
nitrogen could enter. From the time dependent funda-
mental resonance frequency and the calibration curve in
Fig. 4b, the time dependent osmotic pressure can be ex-
tracted as shown in Fig. 4d,f. Equation 1 (adapted to
include a time shift between the start of the measurement
and the gas being replaced) is fitted against the data in
Fig. 4d to extract the permeation time-constants of the
gases13: τN2 = 19 s and τAr = 8 s. The osmotic pres-
sure as function of time from this fit is plotted in Fig.
4f in good correspondence to the measurement result.
This demonstrates that the osmotic pressure reverses sign
when interchanging the gases in the experiment.
Figure 5a shows experimental osmotic pressure versus
time results for different gas combinations, extracted us-
ing the same method as in Fig. 4 but on a different drum.
Experiments were carried out with helium, argon, carbon
dioxide and nitrogen gas. Equation 1 is fitted to all the
6 osmotic pressure curves to extract the leak time con-
stants as shown in Fig. 5b. A factor of 10 difference
is observed in the permeation time constant of helium
compared to that of nitrogen gas. The full dataset with
the frequency response functions for all combinations of
gases is available in the Supporting Information.
It is important to note that the presented experi-
ments cannot determine the exact leakage path of the
gas molecules into the graphene cavity, although the re-
sults do allow to exclude some possible causes. If pores
are present that are much larger than the molecular
size, Graham’s law for effusion predicts permeation rates
proportional to the square root of the molecular mass
(τ1/τ2 ∝
√
M1/M2). It is however observed, that car-
bon dioxide and helium have almost the same permeation
rate, despite their large difference in molecular mass. On
the other hand, carbon dioxide has a larger mass than
nitrogen, but a lower permeation rate, again inconsistent
with Graham’s law for effusion. From this, we conclude
that in this study permeation is not dominated by effu-
sion through pores larger than the molecular size of the
gases. For example, these kind of pores were studied by
Celebi et. al14, who found that Graham’s law does hold
in that case.
Looking at the permeation rates for the different gases
in Fig. 5b, it is found that they follow the order of
the kinetic diameters d of the gases: (dHe = 260 pm,
dCO2 = 330 pm, dAr = 340 pm, dN2 = 364 pm). Thus,
gases with a kinetic diameter larger than ∼330 pm have a
lower permeation rate than gases with a kinetic diameter
smaller than ∼330 pm as shown in Fig. 5c. This kind of
selectivity in permeation is similar to the one observed
by Koenig et. al.3,15, although the leak rates observed
here are higher.
If the gas selectivity of the graphene enclosed cavities
can be understood and engineered to a larger degree, for
example by creating pores of controlled size3, multiple
semi-permeable membranes can be used for gas analy-
sis. This can be achieved by filling these systems with
a known gas and subsequently monitoring their time de-
pendent osmotic pressure while exposing them to an un-
known gas mixture. On the other hand, the gas concen-
tration in the environment can be kept constant and the
change in concentration in a very small volume can be
determined.
In conclusion, we have demonstrated osmotic pressure
sensing with graphene enclosed cavities. The osmotic
pressure is a consequence of differences in the permeation
rate of the gases, resulting in a spontaneous flux of gas
against the pressure gradient. Due to the high flexibil-
ity and Young’s modulus of graphene, the responsivity
of the graphene osmometer is as high as 60 kHz/mbar.
These types of graphene osmometers thus provide a route
towards on-chip nanoscale gas analysis applications with
high responsivity.
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FIG. 5. a) Measurement sequences as in Fig. 3a for 6 different gas combinations on a 5 nm thick drum (Drum 1) measured at
500 mbar. b Leak time constants τ extracted for 4 different gases using the fits in Fig. 5a using two different 5 nm thick drums.
Drum 2 is measured at 1000 mbar. An optical image of both drums is shown in Fig. 1c. c) Normalized leak rates calculated
from the leak time constants in Fig. 5b.
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5SUPPORTING INFORMATION: GRAPHENE GAS OSMOMETERS
In this text equation 1 is derived, which decribes the pressure difference as a function of time over the membrane.
Then the calibration procedure is explained which is used to extract the relation between pressure difference and
resonance frequency. Finally, full raw datasets are presented for all the combinations of gases shown in Fig. 4 and 5
in the main text.
S1. DERIVATION OF EQUATION 1
Dalton’s law states that for a mixture of gases the total pressure ptot is equal to the sum of the partial pressures of
the individual components:
ptot = p1 + p2, (S1)
where p1 is the partial pressure of gas 1 and p2 the partial pressure of gas 2. This allows us to calculate the pressure
inside the cavity. If solubility of the material can be ignored, permeation through a membrane can be described by:
dn
dt
= −P∆pA (S2)
where dndt is the flux through the membrane, ∆p the pressure difference over the membrane, P the permeability and
A the surface area of the membrane.
If it is assumed that the mixture of gases is ideal, according to eq. S1 we can also describe the permeation by the
partial pressure differences between the cavity and surroundings. For this the following first order equations apply:
d∆p1
dt
= − 1
τ1
∆p1, (S3)
d∆p2
dt
= − 1
τ2
∆p2, (S4)
for which we define the leak time constants τ :
τ =
PART
V
, (S5)
where R is the gas constant, T the temperature and V the volume of the cavity. These equations have the following
solutions:
∆p1(t) = k1e
−t/τ1 = p1,int − p1,ext, (S6)
∆p2(t) = k2e
−t/τ2 = p2,int − p2,ext, . (S7)
Now we assume the initial conditions of the experiment. At t = 0 the cavity is filled with pure gas 1 and the
outside with pure gas 2 at pressure p0. Substituting t = 0 into both solutions gives that ∆p1(0) = k1 = p0 and
∆p2(0) = k2 = −p0. Adding the partial pressure differences over the membrane according to eq. S1 gives the total
pressure difference as function of time:
∆p(t) = p0e
−t/τ1 − p0e−t/τ2 = p0(e−t/τ1 − e−t/τ2) (S8)
S2. CALIBRATION PROCEDURE
In order to arrive at the calibration curve of Fig. 4b in the main text, the following procedure is used. The membrane
is kept under vacuum long enough for any remaining gas to permeate out of the cavity. Then, the pressure in the
environment is stepped up, after which the immediate change in resonance frequency is used as calibration point. The
pressure difference over the membrane is negative in this case. After the permeation has caused the pressure difference
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FIG. S1. Calibration procedure for obtaining the frequency–pressure difference relation in the case of 200 mbar steps. a)
Resonance frequency as function of time, when 2 pressure steps are applied. b) Pressure signal measured in the chamber. The
results of this procedure is the frequency–pressure difference relation as shown in Fig. 4b in the main text.
over the membrane to become zero, the pressure is rapidly reduced below 1 mbar. This gives a calibration point for
positive pressure difference. The minimum in frequency does not correspond to a pressure difference of zero. This is
either a result from the mechanical properties of the membrane or remaining gas inside the cavity. Regardless of the
cause, the shifted curve is useful to determine whether the pressure difference during the experiment was positive or
negative.
For drum 3 (Fig. 4 in the main text), a shift in the calibration curve is observed towards negative pressure
differences. The cause of this shift is unknown and its value drifts slowly as a function of time. Since the calibration
was performed 50 minutes after the measurements shown in this figure, it is necessary to correct for this effect.
Therefore, the calibration curve was corrected by an additional -78 mbar, thereby ensuring that the osmotic pressure
difference is zero at the start of both experiments. Drum 1 and 2 (Fig. 5 in the main text) show a similar shift of
the frequency minimum, but the drift was considerably smaller. Therefore no correction of the calibation curve was
necessary for these drums.
S3. SQUEEZE FILM EFFECT
Due to the squeeze film effect, it is expected that the resonance frequency is also a function of the pressure inside
the cavity8. To examine this effect, the calibration procedure can be used. When a certain pressure step is applied,
we wait long enough for the pressure difference to become close to zero (Fig. S1). This gives the calibration curve
for the squeeze film effect as shown in Fig. S2 for drum 3. These curves show that the frequency shifts can not fully
be attributed to pressure differences ∆p that induces tenstion to the membrane, but are also partly caused by the
squeeze film effect that only depends on pint.
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FIG. S2. Gas and pressure dependence of the frequency at a pressure difference of zero for drum 3.
7S4. FULL RAW DATASET OF DRUM 3 IN THE MAIN TEXT
Figure S3 shows the full dataset of the drum presented in Fig. 4 in the main text. This was measured using the
calibration procedure, by taking the frequency when the membrane is fully relaxed (∆p = 0). This gives the result
shown in Fig. S2.
Ar to N2 and N2 to Ar:
see main text Fig. 4.
FIG. S3. Full raw dataset corresponding to the drum in Figure 4 in the main text, measurements between argon and nitrogen
are presented in the main text.
S5. FULL RAW DATASETS OF DRUM 1 AND 2 IN THE MAIN TEXT
Figure S4 shows the full raw dataset for drum 1 in the main text and Fig. S5 for drum 2. For both experiments,
the figures on the top right show negative pressurer difference while the bottom left figures show positive pressure
difference. The nomenclature ”Gas 1 to Gas 2” means that Gas 1 is initially in the chamber and cavity and the gas
in the chamber is replaced by Gas 2.
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FIG. S4. Full raw dataset for drum 1 in the main text, measurement was performed at constant 500 mbar chamber pressure.
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FIG. S5. Full raw dataset for drum 2 in the main text, measurement was performed at 1000 mbar constant chamber pressure.
